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Integral of Squared ErrorAbstract In this paper, a robust Fractional Order PIkD controller that contains an integral frac-
tion action and a simple filtered derivative action, is investigated on Automatic Generation Control
(AGC) of a three areas reheat-thermal system. For more realistic study some nonlinear constraints
have been introduced such as Governor Dead Band (GDB), Generation Rate Constraints (GRC)
and boiler dynamics. The optimal controller parameters are tuned through new evolutionary algo-
rithm known as Differential Evolution (DE) algorithm by minimizing the Integral of Squared Error
(ISE) index. Obtained results reveal clearly the superiority of the investigated controller compared
to the other controllers such as PID, PIDl and PIkDl in terms of the performance index, peak over-
shoots, peak undershoots and settling time. Effectiveness and rapidity of the DE algorithm in the
convergence have been shown and compared to Genetic Algorithm (GA). Finally, robustness anal-
ysis against higher degree of load disturbance and sever parametric variation demonstrates the
effectiveness of the investigated controller.
 2015 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The main objective of an electrical power system is to ensure
the balance between the total power generation with the total
load demand and the associated system losses, then regulating
the system frequency and tie-line power exchange [1,2]. To
ensure the quality of power supply, it is obligatory to regulate
the generator loads depending on the optimal frequency value
through a secondary controller [3]. This scheme is known as
the Load Frequency Control (LFC), named also AGC. It is
one of the most important control problems in the design
and operation of power systems, whose role is [4–7]: to keepller, Ain
Nomenclature
PID Proportional Integral Derivative
FO-PID Fractional Order Proportional Integral Derivative
LFC Load Frequency Control
AGC Automatic Generation Control
ACE Area Control Error
GRC Generation Rate Constraint
GDB Governor Dead Band
DE Differential Evolution
ISE Integral of Squared Error
Dfi frequency deviation of area i (Hz)
DPm1 mechanical power deviation for the area i (pu)
DPCi power deviation of area i
DPLi load variation of area i
TGi steam turbine speed governor time constant (s)
KRi coefficient of reheater steam turbine
TRi reheater time constant (s)
TTi steam turbine time constant (s)
KPi power system gain constant
TPi power system time constant (s)
Ri speed regulation value (Hz/p.u)
2 A. Delassi et al.the frequency unchanged by the load, to keep the correct value
of interchanged power between control areas, to maintain each
unit’s generation at the most economic value and the last
objective is to ensure the non-violation of operating limits.
Different control strategies have been proposed in the
literature for this secondary controller design. The most widely
used are the classical PI and PID controllers [8–10] due to
their implementation simplicity. The synthesis of these con-
trollers is based on the power system model. Hence, a variation
of the model parameters or the system operating points leads
to the degradation of the controlled system performances.
To rectify these problems, other emerging strategies have been
proposed to enhance the performance of such classical
controllers.
Some researchers proposed the use of two degrees of free-
dom PID controller in two and three areas considering some
nonlinear constraints such as GDB and GRC [11,19]. Other
propositions based on fuzzy logic controller have been pro-
posed in two area reheat-thermal systems taken into account
GDB and GRC constraints [12]. The use of fractional con-
troller has been also implemented by several researchers
[13,14,17,18]. In [17], the authors have proposed IkDl con-
troller in three areas reheat-thermal AGC system with consid-
eration of GRC. Authors in [18] proposed two-degrees of
freedom PID (2-DOF-PID) controller in three areas reheat-
thermal system with GRC constraints.
Owing to the complexity of the system, direct synthesis of
the above proposed controllers is not straightforward. There-
fore, an optimization of the controller parameters based on
different techniques appears to be an attractive solution. The
optimization techniques extensively used in the AGC problem
are as follows: GA, Particle Swarm Optimization (PSO), Bac-
terial Foraging Optimization Algorithm (BFOA) and
hybridization of PSO–BFOA [8–11,15].
In this paper, an attempt has been made for the optimal
fractional PIkD controller design, made up with a fractional
integral action and a simple filtered derivative action and
applied to a three areas reheat-thermal AGC systems consider-
ing several nonlinearity constraints. The investigated con-
troller will provide more effective compared to the simple
PID controller and a fractional PID controllers such as PIDl
and PIkDl from different points of view. The design problem
is formulated as an optimization problem in the basis of eval-
uating the ISE criterion. Then, the DE algorithm has been
used to determine the optimal controller parameters. Simula-
tion results show the effectiveness of the investigated controllerPlease cite this article in press as: Delassi A et al., Load frequency control problem
Shams Eng J (2015), http://dx.doi.org/10.1016/j.asej.2015.10.004in terms of performances index; and its robustness against a
wide range of loading conditions, disturbance and parametric
variation. Furthermore, the superiority of the investigated
optimization algorithm is illustrated via a comparison with
other evolutionary algorithm, which is the GA. In view of
the above presentation, the main goals of this work are as
follows:
 To design a robust fractional PIkD controller and compare
its performance with others known controllers as well as;
PID, PIDl and PIkDl in a three areas reheat-thermal sys-
tem with consideration of GDB, GRC and dynamic boiler.
 To optimize the above mentioned controllers using DE
algorithm and compare its convergence characteristics with
GA.
 To verify the robustness of obtained optimal value of the
investigated (PIkD) controller through different load distur-
bance and sensitivity analysis.
2. Power system modeling
The investigated PIkD controller is tested on three areas inter-
connected reheat-thermal AGC system as shown in Fig. 1 [16].
For more realistic analysis, some nonlinear constraints such as
GDB, GRC and dynamic boiler are taken into account [11].
The transfer function model of the system under study is
depicted in Fig. 2. The dynamic boiler scheme is presented in
Appendix B. The nominal system parameters [17–19] are
recapitulated in Appendix A. A dynamical frequency
responses of the first area (Df1) with and without nonlinearities
are presented in Fig. 3.
From Fig. 3, it has been noted that the system without any
control is stable but it represents a steady state error. Hence, to
reduce this error, we have implemented (PIkD) controller.3. Fractional calculus background
In mathematics, fractional calculus permits to convert the dif-
ferential or integral operator with integer order to the frac-
tional order [13]. The fractional operator noted aD
a
t ,
depending on the sign of a indicates differentiation or integra-
tion. This operator is presented in Eq. (1). There are some
existing definitions for describing the fractional order
functions. The most frequently used are, Riemann–Liouvillein interconnected power systems using robust fractional PIkD controller, Ain
Figure 1 Three areas AGC systems.
Load frequency control problem 3definition given by Eq. (2), Gru¨nwald–Ltnikov definition given
by Eq. (3) and Caputo definition given by Eq. (4).
da=dta; a > 0
1; a ¼ 0Z t
0
ðdsÞa; a < 0
8>><
>>:
ð1ÞFigure 2 Transfer function model of the
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a
t fðtÞ ¼
1
Cðn aÞ
dn
dtn
Z t
a
fðsÞ
ðt sÞ1ðnaÞ
ds ð2Þ
aD
a
t fðtÞ ¼ lim
h!0
1
CðaÞha
X½ðtaÞ=h
k¼0
Cðaþ kÞ
Cðkþ 1Þ fðt khÞ ð3Þ
0D
a
t fðtÞ ¼
1
Cðm aÞ
Z t
0
fðmÞðsÞ
ðt sÞamþ1 ds ð4Þ
To implement the fractional controller in simulation studies
or in practice, one method is to approximate them with integer
order transfer functions [20]. Practically, five continuous
approximations are available such as Crone approximation,
Carlson approximation, Matsuda approximation, the high-
frequency continued fraction approximation and the low-
frequency continued fraction approximation. Crone (French
acronym of commande robust d’ordre non entier) approxima-
tion is adopted in this study. This approximation uses a recur-
sive distribution of N poles and N zeros leading to the
following transfer function [21]:
CðsÞ ¼ K0
YN
n¼1
1þ ðs=xznÞ
1þ ðs=xpnÞ ð5Þ
where K’ is an adjusted static gain. Zeros and poles are deter-
mined inside a frequency range and are given below:investigated system with nonlinearities.
in interconnected power systems using robust fractional PIkD controller, Ain
Figure 3 Dynamical frequency responses of the first area (Df1)
with and without nonlinearities.
Figure 4 Investigated controller scheme.
Figure 5 Plan representation of fractional PIkDl and classical
PID controller.
4 A. Delassi et al.a ¼ ðxh=xlÞv=n ð6Þ
g ¼ ðxh=xlÞ1v=N ð7Þ
xz1 ¼ xl ﬃﬃﬃgp ð8Þ
xpn ¼ xz;n1a; n ¼ 1 . . .N ð9Þ
xzn ¼ xp;n1g; n ¼ 2 . . .N ð10Þ
In this paper, the frequency range is selected as xl = 0.001
rad/s, xh = 40 rad/s and the number of zeros and poles is
taken N= 3.
4. Fractional PID controller
The fractional order FO-PID (or PIkDl) controller can be pre-
sented by the following differential equation as:
uðtÞ ¼ KpeðtÞ þ KIDkt eðtÞ þ KDDlt eðtÞ ð11Þ
where u(t) is the control signal and e(t) is the error signal which
is the Area Control Error (ACE) in our case. After applying
the Laplace transform to Eq. (11) considering the zero initial
conditions, the transfer function can be stated by Eq. (12) as
follows:
GcðsÞ ¼ KP þ KISk þ KDSl ð12Þ
In order to reduce the calculation time, noise effects and
system discrete nonlinearities influence. The fractional deriva-
tive action is set to a simple filtered derivative action (l= 1).
The transfer function of the investigated controller is written
by the following:
GcðsÞ ¼ KP þ KISk þ KD SN
SþN ð13Þ
The transfer function of investigated controller and the
plane representation of different types of integer and fractional
order controllers are presented in Figs. 4 and 5 respectively.5. Optimization problem
5.1. Fitness function
In our study, the Integral of the Squared Error (ISE) criterion
is used as a performance index and is given below:Please cite this article in press as: Delassi A et al., Load frequency control problem
Shams Eng J (2015), http://dx.doi.org/10.1016/j.asej.2015.10.004J ¼ ISE ¼
Z t
0
fACE21 þ ACE22 þ ACE23gdt ð14Þ
In this case, the optimization problem can be formulated as
follows:
Minimize JðKP;KI;KD; k; l and NÞ ð15Þ
Subject to :
Kminp 6 Kp 6 Kmaxp
KminI 6 KI 6 KmaxI
KminD 6 KD 6 KmaxD
kmin 6 k 6 kmax
lmin 6 l 6 lmax
Nmin 6 N 6 Nmax
8>>>>><
>>>>>:
ð16Þ
where KP, KI, KD are the controller gains parameters, k is an
integral fraction, N is a derivative filter gain and the l value
is supposed equal to 1 as we have mentioned in the above sec-
tion. The total number of parameters to be optimized in our
case is equal to five for each area, four gains and one fraction.
In this study, the bounded limits of gains have been fixed
between 0 and 10. Fraction bounds were fixed between 0 and
1 and the derivative filter gain bounds were limited between
80 and 250.in interconnected power systems using robust fractional PIkD controller, Ain
Figure 6 Flowchart of the optimal controller tuning using DE algorithm.
Table 1 DE settings.
Parameters Value
Generations number 200
Population size 20
Crossover probability 0.8
Mutation probability 0.6
Table 2 Optimal controllers parameters given by the GA.
Controller parameters KP KI
Area 1 PID 2.6061 2.9815
PIkD 2.4669 2.8993
PIDl 2.3465 3.1050
PIkDl 3.5206 3.0679
Area2 PID 6.4217 1.4880
PIkD 4.9787 7.3753
PIDl 3.8931 1.1213
PIkDl 5.0536 6.9426
Area 3 PID 4.8397 1.1842
PIkD 3.5859 3.2101
PIDl 2.4469 0.5909
PIkDl 1.6750 8.3535
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The Differential Evolution Algorithm is a stochastic population-
based optimization technique that belongs to the evolutionary
algorithm class. It was introduced by Storn and Price in 1996.
The DE algorithm can be used in such practical problem that is
not even linear, noisy, continuousorhasbeenmany localminima.
During the optimization process, this algorithm must spend by
different steps resumed as follows [8,11,21,22]:KD N K l
0.9249 233.9695 – –
0.8244 234.7685 0.8632 1
0.9522 – – 0.9988
0.6562 – 0.8879 0.9999
1.0348 249.2890 – –
3.2117 103.7146 0.6144 1
0.7173 – – 0.999
3.5459 – 0.6753 0.9960
0.7462 190.5616 – –
1.7688 234.2188 0.7116 1
0.2195 – – 0.9974
3.2371 – 0.5013 0.9948
in interconnected power systems using robust fractional PIkD controller, Ain
Table 3 Optimal controllers parameters given by the DE algorithm.
Controller parameters KP KI KD N K l
Area 1 PID 9.8971 7.1301 1.9588 230.8075 – –
PIkD 7.8272 8.9778 3.0474 228.1585 0.8496 1
PIDl 8.3034 6.6277 1.7754 – – 0.9894
PIkDl 0.8444 8.1509 2.5391 – 0.7633 0.9821
Area2 PID 8.1811 2.0674 1.4249 200.4645 – –
PIkD 1.8754 9.8761 3.2276 208.0094 0.5153 1
PIDl 9.5259 2.6097 1.4231 – – 0.9934
PIkDl 2.2308 9.6725 3.2686 – 0.525 0.9839
Area 3 PID 9.7043 2.6573 1.7460 138.2870 – –
PIkD 8.5179 9.8839 5.6325 125.5876 0.6593 1
PIDl 8.1522 2.1004 1.0389 – – 0.9839
PIkDl 5.3825 9.9178 4.6357 – 0.5909 0.9885
Table 4 Fitness value.
GA DE
ISE C.P.U (mn) ISE C.P.U (mn)
PID 2.7202 43.0440 2.6810 47.0907
PIkD 2.2409 61.1150 2.1348 64.8225
PIDl 2.87 59.4625 2.7695 61.5872
PIkDl 2.2568 76.8870 2.1944 78.8602
Figure 7 Diagram representation of fitness value using GA and
DE algorithms for all controllers.
Figure 8a Dynamic response of Df1 according to 1% load
disturbance in area 1 for different controllers.
6 A. Delassi et al.5.2.1. Initialization
For each parameter to be optimized the lower and upper
bound must be defined. Then, an initial population will be ran-
domly selected in this interval.Figure 8b Dynamic response of Df2 according to 1% load
disturbance in area 1 for different controllers.5.2.2. Migration
An initial mutant parameter vector, called donor vector Vi, G
+ 1 is created by choosing randomly three members of the
population, Xr1, G, Xr2, G and Xr3, G such that the indices
i, r1, r2 and r3 are distinct. The donor vector Vi, G+ 1 written
by Eq. (17) is created by adding a weighted difference between
the two vectors in the third one.
Vi;Gþ1 ¼ Xr1;G þ FðXr2;G  Xr3;GÞ ð17Þ
where F is a mutation constant selected between (0, 2).Please cite this article in press as: Delassi A et al., Load frequency control problem in interconnected power systems using robust fractional PIkD controller, Ain
Shams Eng J (2015), http://dx.doi.org/10.1016/j.asej.2015.10.004
Figure 8c Dynamic response of Df3 according to 1% load
disturbance in area 1 for different controllers.
Figure 9a Dynamic response of DPtie12 according to 1% load
disturbance in area 1 for different controllers.
Figure 9b Dynamic response of DPtie13 according to 1% load
disturbance in area 1 for different controllers.
Figure 9c Dynamic response of DPtie23 according to 1% load
disturbance in area 1 for different controllers.
Figure 10a Dynamic response of ACE1 according to 1% load
disturbance in area 1 for different controllers.
Load frequency control problem 7
Please cite this article in press as: Delassi A et al., Load frequency control problem
Shams Eng J (2015), http://dx.doi.org/10.1016/j.asej.2015.10.0045.2.3. Crossover
In order to improve the population potential diversity, a cross-
over operation is employed. In this phase, three parents are
selected and the child is a perturbation of one of them. A trial
vector Ui,G+ 1 given by Eq. (18) is obtained from the target
vector Xi, G, and the donor vector Vi,G+ 1. The elements of
the donor vector enter the trial vector with a probability of
CR.
Uj;i;Gþ1 ¼
Vj;i;Gþ1 if randj;i 6 CR or j ¼ Irand
Xi;j;G if randj;i  CR and J–Irand

i ¼ 1; 2; . . . ;N; j ¼ 1; 2; . . . ;D ð18Þ5.2.4. Selection
In the selection step, the target vector Xi;G is compared with the
trial vector Vi;Gþ1 and the one which has the best fitness value is
admitted to the next generation. The selection operator is
given by Eq. (19).in interconnected power systems using robust fractional PIkD controller, Ain
Figure 10b Dynamic response of ACE2 according to 1% load
disturbance in area 1 for different controllers.
Figure 10c Dynamic response of ACE3 according to 1% load
disturbance in area 1 for different controllers.
Figure 11a Dynamic response of DPm1 according to 1% load
disturbance in area 1 for different controllers.
Figure 11b Dynamic response of DPm2 according to 1% load
disturbance in area 1 for different controllers.
Figure 11c Dynamic response of DPm3 according to 1% load
disturbance in area 1 for different controllers.
8 A. Delassi et al.Xi;Gþ1 ¼
Ui;Gþ1 if fðUi;Gþ1Þ  fðXi;GÞ
Xi;G otherwise

ð19Þ
where i e [1, NP].
DE algorithm process is repeated until some stopping crite-
rion is reached. A general flowchart of the controller optimiza-
tion procedure using the DE algorithm is depicted in Fig. 6.
The DE algorithm settings are tabulated in Table 1.
6. Simulation results and discussion
To validate the efficiency of the investigated controller, simu-
lations were carried out for three areas reheat-thermal system
shown in Fig. 1. Then, three nonlinear constraints (GDB, GRC
and dynamic boiler) are taken into consideration. According
to 1% load disturbance in area 1 (DPL1 = 1% p.u), the DEPlease cite this article in press as: Delassi A et al., Load frequency control problem in interconnected power systems using robust fractional PIkD controller, Ain
Shams Eng J (2015), http://dx.doi.org/10.1016/j.asej.2015.10.004
Figure 12 Fitness function (ISE) evaluation with GA and DE
algorithms.
Load frequency control problem 9algorithm is executed to find the optimal controllers parame-
ters, using the ISE criterion as a performance index. The effec-
tiveness of the investigated controller is compared with
classical filtered PID, PIDl and PIkDl. The effectiveness of
the DE algorithm is compared to the GA. The same system
parameters and DE settings are used for each controller to
make a fair comparison. After the optimization process, the
optimal settings of the investigated controller and the other
controllers as well as the performance index and C.P.U time
are presented in Tables 2–4 simultaneously. Diagram represen-
tation of fitness value using GA and DE algorithms for all con-
trollers is displayed in Fig. 7. All areas dynamic response of
frequency deviation, tie line power deviation, Area controlTable 5 Dynamic performance of the PID and the PIkD controller
Dynamic response P.O P.
PID PIkD PI
Df1 0.0424 0.0198 0
Df2 0.0377 0.0158 0
Df3 0.0377 0.0152 0
DPTIE12 0.000265 0.000247 0
DPm1 0.0103 0.014 0
ACE1 0.0098 0.042 0
Table 6 Dynamic performance of the PIDl and the PIkDl controll
Dynamic response P.O
PIDl PIkDl
Df1 0.0441 0.02
Df2 0.0392 0.0162
Df3 0.0394 0.0157
DPTIE12 0.000434 0.0000064
DPm1 0.0102 0.0099
ACE1 0.0428 0.0423
Please cite this article in press as: Delassi A et al., Load frequency control problem
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Figs. 8a–8c, 9a–9c, 10a–10c and 11a–11c respectively.
The Peak Overshoot (P.O), the Peak Undershoot (P.U) and
the settling time (S.T) of Figs. 8a–8c, 9a–9c, 10a–10c and 11a–
11c corresponding to the proposed PIkD, simple PID, PIDl
and PIkDl controllers are tabulated in Tables 5 and 6
respectively.
From these results, it is observed that the ISE criterion cor-
responding to the proposed (PIkD) controller is decreased by
20.37% compared to the classical PID controller in the case
of the DE algorithm and by 17.62% in the case of the GA.
It is clearly remarked that the proposed controller has better
performance compared to the classical PID in terms of peak
overshoots, peak undershoots and settling time. Also, the pro-
posed controller is compared to the fractional controllers such
as PIDl and PIkDl in order to show the rapidity and the effi-
ciency of the proposed PIkD controller, and it is noted that our
controller reduces the calculation time by 17.8% compared to
the PIkDl controller and the performance index by 22.91%
compared to the PIDl controller. Elsewhere, Fig. 12 presents
a comparison between the GA and the DE algorithm in terms
of convergence rapidity. From this figure, the superiority of
DE algorithm compared to the GA is clearly revealed. From
Tables 5 and 6, all areas frequency deviation (Df1, Df2 and
Df3) emphasizes that the system is clearly stable with all con-
trollers, which is the frequency margin (maximum and mini-
mum deviation Dfi) considered in the practice equal to
±0.5 Hz from its nominal value. The maximum and minimum
deviations for all controllers (PID, PIkD, PIDl and PIkDl)
respect this limits.
6.1. Robustness analysis
In order to show the robustness of the proposed PIkD con-
troller, two tests (scenarios a and b) corresponding to a highs.
U S.T
D PIkD PID PIkD
.079 0.0777 50.3595 49.1489
.0726 0.0712 49.0295 51.0051
.0726 0.0710 53.8171 51.0841
.0035 0.0000683 62.6815 41.9520
.0088 0.009 65.56668 42.3287
.0164 0.063 53.333 37.1838
ers.
P.U S.T
PIDl PIkDl PIDl PIkDl
0.0795 0.0784 77.6367 54.0942
0.0153 0.0719 57.2392 55.7974
0.0156 0.0719 79.3467 55.8073
0.0037 0.0064 78.9868 35.2114
0.009 0.0087 78.8485 57.1687
0.0171 0.064 74.3976 55.1461
in interconnected power systems using robust fractional PIkD controller, Ain
Figure 13a Dynamic response of Df1 in area 1 according to 3%
load disturbance.
Figure 13b Dynamic response of Df1 in area 1 according to 4%
load disturbance.
Figure 14 Dynamic response of Df1, according to a 1% change
in area 1 with varying the turbine governor time constant.
Figure 15 Dynamic response of Df1, according to a 1% change
in area 1 with varying the turbine time constant.
Figure 16 Dynamic response of Df1, according to a 1% change
in area 1 with varying the tie-line time constant.
10 A. Delassi et al.load disturbance and severe parametric variations (sensitivity
analysis) have been applied. The same controller parameters
obtained above are used in this section.
6.1.1. Load disturbance
For this scenario, a 3% and 4% load disturbance in area one is
applied. Figs. 13a and 13b show the frequency deviation in
area 1 according to these load disturbances respectively.
6.1.2. Sensitivity analysis
For this scenario, the turbine governor time constant (TGi), the
turbine time constant (TTi) and the tie line time constant (Tij)
are modified progressively from 50% to +50% respect with
a step of 25%. The dynamic response, of Df1 for all those cases
is presented in Figs. 14–16 simultaneously. The peak
overshoots, peak undershoots, settling time and the perfor-
mance index (ISE) of those responses are presented in Table 7.
From these results, it is obvious that the investigated con-
troller is high-performing in terms of the effectiveness andPlease cite this article in press as: Delassi A et al., Load frequency control problem in interconnected power systems using robust fractional PIkD controller, Ain
Shams Eng J (2015), http://dx.doi.org/10.1016/j.asej.2015.10.004
Table 7 Sensitivity analysis.
Dynamic response P.O P.U ST ISE
Df1 Df2 Df1 Df2 Df1 Df2
Nominal 0.0198 0.0158 0.0777 0.0712 49.1489 51.0051 2.1348
50% TGi 0.0188 0.015 0.0781 0.0718 50.1184 51.8507 2.1616
25% TGi 0.0193 0.0154 0.0780 0.0717 49.6998 51.4677 2.1593
+25% TGi 0.0204 0.0163 0.0779 0.0715 48.5434 51.4867 2.1562
+50% TGi 0.0211 0.0169 0.0781 0.0717 47.5091 49.7647 2.1811
50% TTi 0.0177 0.0156 0.0815 0.0761 51.9089 53.2634 2.4778
25% TTi 0.0192 0.0161 0.0798 0.0739 50.5544 52.1073 2.3246
+25% TTi 0.0229 0.0185 0.0770 0.0716 47.3553 49.5715 2.1783
+50% TTi 0.0243 0.0197 0.0783 0.0719 45.1843 47.6497 2.2073
 50% Tij 0.0247 0.0185 0.0841 0.0751 48.9077 51.1897 2.3040
25% Tij 0.0224 0.0191 0.0792 0.0741 48.6399 49.9403 2.2172
+25% Tij 0.0202 0.0181 0.0790 0.0754 49.7335 50.6554 2.4265
+50% Tij 0.0209 0.0182 0.0806 0.0758 49.0234 50.5070 2.5768
Figure B1 Dynamic boiler scheme.
Load frequency control problem 11the robustness against higher degree of load disturbance and
severe parametric variation from different point of views. In
fact, in all cases, the overshoot, undershoot, settling time
and index performance changes did not exceed 19.79%,
7.60%, 5.31% and 17.15% respectively.
7. Conclusion
This paper presents the design of a robust fractional PIkD con-
troller, made up with a fractional integral action and a simple
filtered derivative action. Firstly, the proposed controller has
been applied to an AGC of a three area reheat-thermal systems
considering several nonlinear constraints such as GDB, GRC
and boiler dynamics. The optimal controller parameters have
been tuned through an evolutionary algorithm called Differen-
tial Evolution Algorithm. The Integral of Squared Error is
chosen as a performance index. Then, the performance of a
classical PID controller, PIDl and PIkDl is studied and its cor-
responding dynamic responses were compared to the proposed
controller. Finally, the robustness analysis of the proposed
controller against higher degree of load disturbance and severe
parametric variations reveals that this controller performed
well compared to the other controllers from different point
of views.
Appendix A. The nominal system parameters under study are
given below
f= 60 Hz, TGi = 0.08 s, Tri = 10 s, 2Hi= 0.1666 s,
TTi = 0.3 s, Kr = 0.5, Di = 0.00833 p.u MW/Hz, Tpi = 20 s,
Kpi = 120 Hz/p.u MW, Initial loading = 50%, Tij = 0.086.
A.1. Boiler dynamics
K1 = 0.85, K2 = 0.095, K3 = 0.92; Td = 0, Tf = 10, CB =
200, KIB = 0.03, TIB = 26, TRB = 69.
A.2. Nonlinearities
In this study, the GDB and GRC limits taken into account are
given below:Please cite this article in press as: Delassi A et al., Load frequency control problem
Shams Eng J (2015), http://dx.doi.org/10.1016/j.asej.2015.10.004GDB=  0.036 Hz and GRC=  3% per minutes =
0.0005 p.u MW/min
Appendix B
See Fig. B1.
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